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Water balance is achieved through the ability of the kidney
to control water reabsorption in the connecting tubule and
the collecting duct. In a mouse cortical collecting duct cell
line (mCCDc11), physiological concentrations of arginine
vasopressin increased both electrogenic, amiloride-sensitive,
epithelial sodium channel (ENaC)-mediated sodium transport
measured by the short-circuit current (Isc) method and water
flow (Jv apical to basal) measured by gravimetry with similar
activation coefficient K1/2 (6 and 12pM, respectively). Jv
increased linearly according to the osmotic gradient across
the monolayer. A small but highly significant Jv was also
measured under isoosmotic conditions. To test the coupling
between sodium reabsorption and water flow, mCCDc11 cells
were treated for 24h under isoosmotic condition with
either diluent, amiloride, vasopressin or vasopressin and
amiloride. Isc, Jv, and net chemical sodium fluxes were
measured across the same monolayers. Around 30% of
baseline and 50% of vasopressin-induced water flow is
coupled to an amiloride-sensitive, ENaC-mediated,
electrogenic sodium transport, whereas the remaining
flow is coupled to an amiloride-insensitive, nonelectrogenic
sodium transport mediated by an unknown electroneutral
transporter. The mCCDc11 cell line is a first example of a
mammalian tight epithelium allowing quantitative study of
the coupling between sodium and water transport. Our data
are consistent with the ‘near isoosmotic’ fluid transport
model.
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Transepithelial water and sodium transports are regulated by
arginine vasopressin (AVP) in the connecting tubule (CNT)
and the collecting duct (CD), and depend critically on the
function of water channels (that is, aquaporin 2 (AQP2)) and
sodium channels (that is, the amiloride-sensitive epithelial
sodium channel (ENaC)) in the apical plasma membrane.
In vivo, chronic exposure to AVP upregulates ENaC and sodium
transport in the rat renal CD.1 Ex vivo, AVP (synergistically
with aldosterone) controls ENaC activity in CD2 by a protein
kinase A-mediated mechanism. AVP controls AQP2 function
in CNT and CD by two mechanisms: (1) a rapid, cAMP-
dependent translocation of AQP2 protein from an intracel-
lular vesicular pool to the apical membrane of the principal
cell, and (2) a transcriptional activation of the AQP2 gene
promoter leading to a long-term increased AQP2 protein
pool.3 The importance of AQP2 regulation in CNT and CD is
underscored by Mendelian forms of human genetic diseases
causing severe, often lethal, nephrogenic diabetes insipidus,
either by inactivating the AQP2 gene4,5 or the AVP V2
receptor specifically expressed in this nephron segment.6
The mechanism of net water flow across cell membrane is
osmosis; that is, net water flow driven by differences in water
chemical potential is in turn dependent on differences in
solute concentration.7 In the absence of AVP, the water
permeability of CNT and CD cells is very low, limited to the
movement of water across the lipid bilayer or the tight
junctions. In the presence of AVP, the water permeability
rapidly and dramatically increases up to a 1000-fold, allowing
antidiuresis and water homeostasis during water deprivation.
Different mechanisms of fluid transport by leaky epithelia
(with transepithelial resistance o100Ohm cm2) have been
proposed (see review by Spring8). Less is known, however, for
tight epithelia with transepithelial resistance up to
4000Ohm cm2 as found in toad skin epithelium.9 In those
epithelia, solutes transported from apical to basolateral
milieu are mainly sodium and chloride. The transport of
both ions critically depends on the activity of ENaC in the
apical and the NaK-ATPase in the basolateral plasma
membrane, which mediate directly the transcellular sodium
transport and hence provide the electrochemical driving
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force for passive chloride fluxes via transcellular and
paracellular routes. It is thought that water flow is also
tightly coupled to the ENaC-Na,K-ATPase-driven, amiloride-
sensitive, electrogenic sodium reabsorption. To test this
hypothesis, one needs a cellular model that expresses both the
ENaC-mediated sodium transport and a AVP-induced
sodium and water flow. Many cell lines have been derived
from the CD but none so far shows a AVP-induced AQP2
expression coupled to an increased water permeability.10,11
We have developed a CCD cell line with highly differentiated
and unique properties; that is, reabsorbing sodium,12
responding to physiological concentrations of aldosterone12
or insulin-like growth factor 1,13 and secreting potassium.14
In the course of these experiments, one of us (HPG) observed
that AVP induced the expected rapid sodium transport
response, and also that a long-term effect of AVP was a
significant diminution of the apical bath volume matching an
increased basolateral volume that indicated a AVP-induced
water flow. Based on this observation, we have studied in
detail the AVP-induced water flow in this cell line, allowing
us to test the coupling between water and solute transport in
a tight mammalian epithelium. Our experimental system
allows for the first time to follow under isoosmotic conditions
sodium and water transport over a long period (up to 24 h)
and to measure in the same cellular model, the electrogenic
sodium transport, the water transport, and the net flux of the
main ions transported across the monolayer (sodium,
chloride, and potassium).
RESULTS
Expression of aquaporins in mCCD cells
The mCCD cell line is a stable clonal cell line that keeps its
differentiation profile up to 40 passages; it is made of
principal cells expressing a primary cilium at their apical
membrane. Moreover, the cells do not express pendrin, a
marker of intercalated cells (Supplementary Information and
Figure S1 online). Previous work has shown that another
CCD cell line10 expresses low levels of AQP2 protein that can
be dramatically increased by stimulation by AVP.15 It was
thus important to check whether the mCCDcl1 cell line had
similar characteristics. Figure 1 shows that in cells grown on
plastic dishes, a supramaximal concentration of AVP (10 nM)
increases AQP protein abundance over a period of 24 h,
reaching a maximum already after 8 h incubation (right
panel), whereas the basal level remained low in the absence of
hormone (left panel). Cells grown on plastic Petri dishes had
a low level of protein expression when compared with kidney
cortex (data not shown). In addition, the 35 kD band
corresponding to mature AQP2 was the predominant form
observed in the kidney, whereas the 29 kD band correspond-
ing to immature form of AQP2 was predominant in mCCD
cells. In principal cell of CCD in vivo, water flow is mediated
by entry of water at the apical membrane through AQP2 and
exit at the basolateral membrane via AQP3 and AQP4. As
shown in Figure 2, we could demonstrate by immunofluor-
escence the expression of AQP2, AQP3, and AQP4 on cells
grown on permeable support in the presence or absence of
AVP for 6 and 24 h, respectively. Upon 24 h of AVP treatment,
AQP2 was expressed at the apical pole of the cell, but a
significant labeling was also observed at the basolateral pole
of some cells. In contrast, AQP3 was expressed at the
basolateral pole of the cell and AVP increased its expression
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Figure 1 | Time course of vasopressin (AVP)-dependent expression of aquaporin 2 (AQP2) protein. mCCD cells were grown on plastic
petri dishes in serum- and hormone-free culture media and then diluent (lanes 1–6) or AVP (10 nM) (lanes 7–12) were added for time
points indicated. Total protein extracts were analyzed by western blotting as indicated in the Materials and Methods.
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Figure 2 | Expression of aquaporin (AQP)2, AQP3, and AQP4
in mCCD cells grown on filter cups in serum- and
hormone-free culture medium in the presence of diluent
(control), and AVP for 6 or 24 h. Immunofluorescence was
performed as described in the Materials and Methods.
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in some cells. At variance with AQP2 and AQP3, AQP4 was
observed at the basolateral membrane both in basal and
stimulated conditions. We have previously shown that the
mCCD cells express ENaC at the apical membrane exclu-
sively.12 In summary, the key components for water (AQP2,
AQP3, and AQP4) and sodium transport (ENaC and Na,K-
ATPase) are expressed in their proper cell distribution,
suggesting that the mCCD cell line may respond physio-
logically to AVP by an increase in sodium transport and water
flow.
Effect of AVP on sodium transport
As shown in Figure 3a, AVP induced within 10min a rapid
increase in short-circuit current (Isc) that reaches a
maximum at 1 to 2 h after stimulation. Physiological
concentration of AVP as low as 1 pM was enough to get a
small but significant and transient response, whereas 10 and
100 pM further increased Isc, leading to values that remained
above control levels after 4 h of stimulation. Isc was mediated
by ENaC as amiloride (1 mM) decreased Isc to 0 at all
concentrations tested. The dose dependency is shown in
Figure 3b. For the dose response measured at 10min, the
estimated activation coefficient K1/2 was B6 pM and then
shifted to the right at 60min (20 pM), further shifting to the
right at 120min (50 pM).
Effect of AVP on water flow
The effect of AVP on water flow was measured by gravimetry,
weighing the apical and basolateral milieu at different time
points after hormone addition. By imposing an osmotic
gradient by diluting the apical milieu twofold, AVP induced a
net water flow across the monolayer that was already
significant after 1 h of incubation (Figure 4a), and increased
steadily for the next 8 h to reach a maximum ofB40 ml/cm2.
The dose dependency (Figure 4b) shows that water flow
response is highly sensitive to AVP, well within the same
physiological range observed for the sodium transport
response (Figure 4b), with an estimated K1/2 of B11 pM.
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Figure 3 |Vasopressin (AVP)-induced sodium transport measured by short-circuit current (Isc) method. The osmotic gradient was 1:2
(160mOsm apical and 320mOsm basolateral). (a) Time course. At t0, AVP 1 pM (closed circles), 10 pM (closed squares), or 100 pM (closed
lozenges) were added to the basolateral medium of test dishes and diluent to controls (open circles). At t4 h, amiloride (10 mM, arrow)
was added to the apical membrane of all dishes (n¼ 3). (b) Dose dependence was established by computing the responses observed in a at
10, 60, and 120min.
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Figure 4 |Vasopressin (AVP)-induced water flow. (a) Time course. At t0, 10 nM AVP was added to the basolateral milieu and diluent to
controls. The osmotic gradient was 1:2 (160mOsm apical and 320mOsm basolateral). At any given time, apical fluid loss (open circles)
and basolateral fluid gain (closed circles) were measured by gravimetry as described in the Materials and Methods. The AVP-induced
differences over controls are shown (n¼ 3). (b) Dose dependence established by computing the responses observed at 1, 10, and 100 pM
and at 1 nM (n¼ 3).
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As expected, the effect of AVP was a function of the osmotic
gradient imposed across the filter cups (Figure 5). The apical
loss of fluid (open bars) was always slightly larger than that of
the basolateral gain of fluid (closed bars) over a 6-h period.
This was probably because of a systematic error in recovering
basolateral volumes. The recovery was however always
498%. Baseline and AVP-induced net water flow (Jv apbl)
are shown in Table 1 and Supplementary Information and
Figure S2 online. AVP and desmospressin had similar dose
responses for water transport (K1/2, 9 and 4 pM, respectively)
and for sodium transport (K1/2, 37 and 56 pM, respectively)
(Supplementary Information and Figure S3 online).
To evaluate how much water transport was mediated by
AQP2 expressed at the apical membrane, we took advantage
of HgCl2, the classic inhibitor of aquaporins interacting
specifically with well-conserved cystein residues within
AQP2.16 When the apical membrane of mCCD cells
was exposed to 100 mM HgCl2, the AVP-induced water
transport was fully inhibited (Supplementary Information
and Figure S4 online), reaching the levels of controls
treated with HgCl2 only. Interestingly, HgCl2 also inhibited
significantly baseline water transport by 60%, suggesting that
only 40% of baseline water transport was aquaporin
independent.
To evaluate the respective contribution of the AVP
receptors (V1aR and V2R), we studied, in the presence of
100 pM desmospressin, the effects of increasing concentra-
tions of specific antagonists on water and sodium transport.17
The V2R antagonist inhibited both water and sodium
transport with half-maximal inhibitory concentration of
16 and 7 nM, respectively, whereas the V1aR antagonist was
largely inactive (half-maximal inhibitory concentration
41 mM) (Supplementary Information and Figure S5 online).
Effect of AVP on sodium and water flow with no osmotic
gradient
With no osmotic gradient, we measured over 24 h of AVP
stimulation the amiloride-sensitive, ENaC-mediated sodium
transport. At t0, the mean PD, Isc, and R of the control,
amiloride, AVP, and amilorideþAVP groups were matched
(Table 2). At t1 h amiloride (10 mM apical) a small but
significant reversed Isc was observed (1.3 mA/cm2; Table 2)
that was maintained for over 24 h (Figure 5). At t1 h,
amiloride (10 mM apical) fully inhibited Isc of AVP-treated
dishes, with Isc reaching values not different from zero
(Table 2). A modest increase of Isc was observed for the next
5 h, but was then reversed to reach the same negative values
as the control group (Figure 5). The electrogenic amiloride-
sensitive current was thus fully abolished, indicating that
ENaC activity was completely blocked at that concentration
of amiloride. A reversed electrogenic transport was previously
observed in this cell line and was accounted by potassium
secretion into the apical milieu, mediated in part by renal
outer medullary K (potassium) channel activity.14 As shown
in Figure 6a, the time course of effect is shown as DIsc
with respect to Isc at t0. AVP elicited a large increase in DIsc
(open squares), reaching a maximum after 60min and then
decreased progressively to reach a new steady state at 24 h
(just above the level observed at t0). DIsc of controls (open
circles) increased above the t0 baseline to progressively fall
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Figure 5 |Vasopressin (AVP)-induced water flow: dependence
on osmotic gradients. Apical medium was diluted with culture
medium 1:1 (n¼ 7), 1:2 (n¼ 3), 1:5 (n¼ 4), and 1:10 (n¼ 1). Each
experiment was performed in triplicate dishes. Cells were
incubated for 6 h in the presence or absence of 1 nM AVP and
water flow measured as in Figure 4.
Table 1 | Baseline and vasopressin (AVP)-induced net fluid
reabsorption (Jv) from apical (ap) to basolateral (bl)
compartment over a 6-h incubation
Osm ap:osm bl
for 6 h
AVP
10nM
JV apbl
nl/cm2/s ±s.e.m. n
1:1  0.344 0.034 7
+ 0.513 0.043 7
1:2  2.246 0.150 4
+ 3.351 0.199 4
1:5  4.092 0.205 4
+ 5.786 0.501 4
1:10  5.592 1
+ 7.658 1
n is the number of independent experiments each in triplicate dishes.
Table 2 | Basal electrophysiological values (PD0, Isc0, R0)
measured at t0 and t1 h for the four experimental groups of
Figure 8
Condition
PD (mV)
mean ±s.e.m.
Isc (lA/cm2)
mean ±s.e.m.
R (ohmcm2)
mean ±s.e.m.
Control t0 18.48±2.66 6.83±0.82 2731±247
Control t1 h 13.79±2.23 7.69±1.61 2096±363
Amiloride t0 17.14±2.75 6.61±0.78 2560±206
Amiloride t1 h 3.02±0.52 1.32±0.22 2310±151
AVP t0 18.33±2.88 6.88±1.00 2690±220
AVP t1 h 32.06±5.38 27.14±2.18 1169±132
AVP+amiloride t0 16.33±2.13 6.66±0.76 2445±123
AVP+amiloride t1 h 0.94±0.76 0.37±0.34 1931±225
Abbreviations: Isc, short-circuit current; PD, potential difference; R, resistance.
The four groups were: control, amiloride 10 mM, vasopressin (AVP) 10 nM, and
AVP10 nM+amiloride 10 mM.
At t0, there was no significant difference between PD, Isc, and resistance of control
vs amiloride vs AVP vs AVP+amiloride.
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below at t24 h. As discussed above, at t24 h, amiloride fully
blocked the baseline Isc of controls and AVP-treated dishes.
In order to estimate the total currents generated over 24 h,
the area under the curves were computed and the results
shown in Figure 6b. Over 24 h, Isc of controls fluctuated not
significantly with respect to that observed at t0. AVP
generated over 200 mA per 24h, a highly significant difference
with respect to controls. The area under the curve of the
amiloride vs the amilorideþAVP groups were not signifi-
cantly different from each other. Isc is expected to be the
consequence of a net transfer of positive charge from apical
to basolateral compartments. We measured at t24 h the
chemical concentrations, and correcting for the recovered
volumes (measured by gravimetry), we calculated the content
of the three main ions that could be involved in generating
Isc: chloride, potassium, and sodium (see Materials and
Methods and Supplementary Information Table S1 online).
We observed a significant increase in sodium and chloride
contents in the basolateral medium and a significant increase
in potassium content in the apical milieu. From this steady-
state content, we calculated the net flux (mEq per 24h) of the
three ions across the monolayer. As shown in Figure 7, there
was a significant net flux of chloride in controls that was fully
inhibited by amiloride. AVP more than doubled the chloride
net flux and this was also fully inhibited by amiloride.
Chloride reabsorption is thus linked to the ENaC-mediated
electrogenic sodium reabsorption. In control, potassium was
secreted in the apical milieu, and this was not regulated by
AVP and only partly inhibited by amiloride. Sodium
reabsorption was observed in controls and AVP doubled this
flux. Unlike the Isc, amiloride only inhibited the net sodium
flux by 70% and even less on AVP-treated cells so that a
significant proportion of sodium reabsorption was AVP
dependent but ENaC independent.
Water flow was measured in triplicate on the same filters
in the course of three independent experiments (n¼ 9
dishes). As shown in Figure 8a, in the absence of AVP
(control), a small but highly significant net water flux was
measured over 24 h of isoosmotic incubation. Amiloride
(amil) significantly decreased the water flux of controls by
40% (Po0.01). AVP increased significantly water flow (2.2-
fold, Po0.001). AmilþAVP brought back water flow to
control levels (AVPþ amil vs control) but not to the level of
the amiloride controls (amil vs amilþAVP: þ 40%,
Po0.001). These data indicate that basal as well as AVP-
induced water flow is only in part mediated by ENaC. Data
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from Figure 7 allowed us to calculate the net flux of positive
charges from apical to the basolateral compartment. As
shown in Figure 8b, there was a remarkable similarity
between the pattern of water flow and the pattern of net
positive charge flux, carried by sodium ion reabsorption.
DISCUSSION
Expression of water flow in principal cells: in vivo vs in vitro
We describe here novel properties of the mCCD cell line
previously characterized for their ability to transport sodium
and potassium and respond to low physiological concentra-
tions of aldosterone or insulin-like growth factor 1. The cells
respond to AVP in the picomolar range that corresponds to
physiological concentrations of plasma AVP in vivo. In well-
hydrated humans, the plasma concentration of AVP is barely
detectable by radioimmunoassay B0.2 pM (2 1013M).
Under water deprivation, plasma AVP raises up to 20–30-fold
(60 pM). The K1/2 for sodium transport (6 pM) and for water
flow (11 pM) are well within the expected physiological range
of concentration physiologically relevant in vivo. Moreover,
our data (Supplementary Figure S5 online) indicate that both
the water and the sodium transport responses are mediated
by the same G protein coupled receptor, that is, the V2R
receptor located at the basolateral membrane of principal
cells. Consistent with this idea, we have tested the activity of
AVP on the apical side of the monolayer and were unable to
observe any effect on sodium or water flow (data not shown).
Our data showing a transient AVP response on Isc (Figures 3a
and 6a) suggest either desensitization of the V2R receptor
and/or degradation of the hormone in the bath. We favor the
first hypothesis because desmospressin (a peptidase-resistant
agonist of AVP) did not modify the transient response (data
not shown) and more importantly did not shift the dose-
response curves (Supplementary Figure S3 online).
A second property of the cell line is the polarized
expression of AQP2, AQP3, and AQP4 at the apical and
basolateral membranes mediating the water flow induced by
AVP. AQP2 is abundant in principal cells of CCD and less so
in CNT (see review in Nielsen et al4). In vivo, water
deprivation leads to a translocation of AQP2 to the apical
membrane from intracellular vesicles. Some immunostaining
of AQP2 has also been associated with the basolateral
membrane of inner medullary collecting duct principal cells
in vivo and in transfected cell lines in vitro.18–21 The total pool
of AQP2 protein was small in cell culture compared with the
kidney. This pool could be significantly increased by AVP
treatment (Figure 1) as described previously in mpkCCD
cells.15 In cell culture in vitro, the pool of fully glycosylated
mature protein is much smaller than in the kidney in vivo, as
also observed by others.15 Nevertheless, we do observe apical
and basolateral localization of AQP2 in the mCCD cell line
(Figure 2). Interestingly, this small pool of regulated channel
protein at the plasma membrane is enough to establish
water flow across the monolayer. The exit of water at the
basolateral membrane can take three ways: through AQP2,
AQP3, and AQP4. We have detected AQP3 and AQP4 at the
basolateral membrane (Figure 2) in agreement with in vivo
observations.4
Coupling of sodium and water flow in a tight epithelium:
ENaC vs non-ENaC-mediated transport
Imposing a 1:2 osmotic gradient across the monolayer
(Figure 5 and Table 1) induced a baseline fluid transport
(Jvapbl 2.2 nl/cm
2/s) that was increased 1.5-fold by AVP
(Jv 3.3 nl/cm
2/s). The baseline and AVP-induced Jv are within
the range of values reported by Nielsen and Larsen9 in the
toad skin ex vivo stimulated by b-adrenergic agonist (0.72 vs
3.0 nl/cm2/s, respectively).
In order to get an average value of LP in the presence and
absence of AVP, we plotted (see Supplementary Figure S2
online) Jv as a function of the osmolality difference imposed
(DC). The slope of this relationship should be a straight
line if LP is independent of DC. The slopes (JV/DC)
from regression analysis are 0.0182 and 0.0250 nl/cm2/s
(mOsmol/l). LP was then calculated (see Supplementary
Information) as 7.17 107 and 9.87 107 cm/s/atm in
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the absence and presence of AVP, respectively. LP were
converted to osmotic water permeabilities (PF) and were
found as 10.1 and 13.9 mm/s in the absence and presence of
AVP, respectively.
In ex vivo microperfused rabbit cortical tubules, Hall and
Grantham22 have reported LP values of 19 107 cm/s/atm
(at 251C) that raised sixfold upon AVP treatment
(120 107 cm/s/atm). The values reported here under
AVP stimulation are thus one order of magnitude lower
than those observed in rabbit22,23 or rats.24,25 This large
difference is probably explained by two factors: (1) low
abundance of AQP2 protein pool, and (2) low expression of
mature form of AQP2 protein. Despite these limitations, it
was possible to measure accurately water (by gravimetry), ion
transport (by chemistry), and electrogenic sodium transport
by voltage clamp (amiloride-sensitive Isc) in the same
preparation and under isoosmotic conditions for as long as
24 h (Figures 6–8).
As pointed out by Spring,8 the mechanisms of fluid
transport by epithelia rely upon mathematical models
developed in the early 1960s based on the three-compartment
model proposed by Curran and Solomon in 1957.26 One
popular model is the standing-osmotic gradient model
proposed by Diamond and Bossert27 that is, however,
challenged by recent experimental data as reviewed by
Spring.8 For transport in leaky epithelium (small intestine,
proximal tubule of the kidney), one issue has always been to
decide whether fluid reabsorption was mainly cellular or
whether a significant portion was paracellular, that is,
through the tight junction. In vitro proximal tubule
microperfusion and in vivo micropuncture measurements
performed on AQP1 knockout mice clearly indicated that the
high water permeability in proximal tubule of wild-type mice
is primarily transcellular, mediated by AQP1 water channels,
and required for efficient near-isosmolar fluid absorption,28
a position disputed by others who propose a significant
fraction of solute reabsorbed by apical transporters, for
instance, sodium-glucose cotransporter.29,30 Whatever the
mechanism, it is assumed that water flow (passive across a
pore and not uphill as for a pump) must follow the transport
of solutes driven by the sodium pump at the basolateral
membrane, and the original model proposed by Curran and
Solomon8 may well be still valid.
For a tight epithelium as presented in this study, the
relative importance of the paracellular route is likely to be
small in any circumstances, whereas the cellular route is
predominant: unlike the proximal tubule, solute transport in
CD principal cells is restricted to sodium chloride reabsorp-
tion coupled to potassium secretion. Moreover, AQP2 knock
out mouse models clearly show the limiting role of AQP2 in
CD,31–33 emphasizing the critical role of water flow across the
cellular pathway. At variance with this view are the
observations that ex vivo perfused rat CCD appears to be
leaky low-resistance epithelium (o100Ohm cm2) (see review
in Schafer34), contrasting with the high resistance observed in
cultured cells (42000Ohm cm2; Table 1). If the resistance
measured ex vivo35–37 indeed reflects the in vivo situation, the
importance of paracellular chloride and water transport
would be important and may have a significant impact on the
physiological role of the CD as an isoosmotic volume
reabsorber.34 The discrepancy between the ex vivo and in vitro
measurement of transepithelial resistance is not understood.
The absence of intercalated cells in vitro12 may be a factor.
Unfortunately, until now, it has not been possible to establish
a cell line that could express both principal and intercalated
cells. Proton secretion and bicarbonate reabsorption/secre-
tion are mainly performed by intercalated cells to achieve
acid/base balance. Bicarbonate reabsorption/secretion has not
been yet examined in our cell line but, in vivo, sodium that
could be reabsorbed through this route is minimal compared
with the amiloride-sensitive electrogenic transport. Indeed,
ENaC gene inactivation causes a severe salt-losing syndrome
(pseudohypoaldosteronism type 1) with hyperkalemia and
acidosis, indicating that sodium reabsorption through ENaC
is critical for survival and cannot be compensated by other
transporters.
In this cellular model, it is possible to quantitate with
good accuracy the electrogenic sodium transport mediated by
ENaC, the net ion fluxes (Na, Cl and K), and the water flow.
This allowed us to demonstrate that isoosmotic fluid
reabsorption takes place in the absence of AVP, and 30–40%
of that component is inhibited by amiloride, indicating that
it is mediated by ENaC. Under AVP stimulation, the fluid
reabsorbed increased over twofold and B50% is ENaC
dependent. Interestingly, a similar observation was made in
toad skin.9 At present, the amiloride-insensitive sodium
transport is carried out by an unidentified sodium transpor-
ter. It is a nonelectrogenic transport, as amiloride fully
blocked Isc (Figures 4 and 7). The ion(s) causing the small
reversed Isc observed under amiloride treatment (2mA/
cm2) is not formally identified but is likely to be potassium
secretion that was previously characterized in this cell line.14
Whatever the ion supporting the reversed Isc, it would cause
fluid secretion and not reabsorption. The candidate trans-
porters for nonelectrogenic sodium reabsorption in CCD
have been recently discussed.38 Pendrin is an apical Cl-/
HCO3-exchanger, and mediates chloride reabsorption in the
connecting tubule and the cortical CD.39 It is however
expressed in intercalated cells, and thus it is unlikely to have a
role in a principal cell line.40 Pendrin was not detected in
mCCD cells (Supplementary Figure S1 online). Consistently,
the strict dependence of any net transepithelial chloride
transport on ENaC activity argues against a significant
contribution of a Cl-/HCO3-dependent mechanism to the
observed electroneutral Naþ transport. Moreover, the
mCCD cells do not show any intercalated cell phenotype
and do not reveal any pendrin protein expression. Other
possible mechanisms that we have not ruled out in the
present study are an apical electroneutral H,K-ATPase or the
recently described Na-dependent chloride-bicarbonate ex-
changer (SLC4A8) mediating an electroneutral reabsorption
in mouse CCD.41 Finally, another possible mechanism for
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explaining the amiloride-insensitive water reabsorption in
toad skin has been proposed by postulating electroneutral
recycling of sodium at the basolateral membrane by NKCC,
furosemide-sensitive sodium/potassium/chloride cotransporter.9
The nature of this electroneutral transport will require
further investigations.
In conclusion, we have defined a novel cellular
model that should help us to understand in the future the
molecular and biophysical mechanisms by which fluid is
reabsorbed in a regulated manner to achieve hydroosmotic
balance.
MATERIALS AND METHODS
Materials
Culture medium was Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F12 (1:1 vol/vol) from Gibco Invitrogen, Basel,
Switzerland. AVP stock solutions were diluted to their final
concentrations in DM. Fetal calf serum was from Fisher Scientific
(Wohlen, Switzerland). Fetal calf serum was always selected after
growth and electrophysiological screening (responses to aldosterone
and AVP) of 8–10 different batches of sera provided by different
companies. Only B20% of the sera tested were found to be able to
sustain growth and full differentiation. Tissue culture treated
Transwell (0.4mmol/l pore size, 4.5 cm2 diameter) was from
Corning Costar (Cambridge, MA). Collagen was prepared from
rat tails kept in 70% ethanol. Fibers were dissected from dried tails
and wet weight determined (10 tails yield B5 g wet collagen).
Collagen was solubilized in acetic acid (1/1000 vol/vol) by gentle
stirring for 24 h at 4 1C and at a concentration of 5 g (w/w) collagen/
liter. The collagen solution was heated up to 36 1C, prefiltered, and
then filtered through a Millipore (Zug, Switzerland) apparatus
under pressure (90-mm filter per 7 kg/cm2), using progressively
smaller pore size down to 0.2mmol/l. Filter cups (Transwell Costar
3412 (4.7 cm2) or 3119 (44 cm2)) were coated by adding 0.5 or 3ml,
respectively, of collagen solution and excess solution removed
until a thin layer of B10ml/cm2 was obtained. Collagen was
then polymerized for 24 h at room temperature, adding 250ml
of NH3 (28%) in empty spaces between wells. After removing
NH3, filters were preincubated with growth medium (1.5ml
apical and 2.5ml basolateral) for 24 h and seeding was performed
using fresh medium. V1aR antagonist (SR 49059) and V2R
antagonist (SR 121463B) were kindly provided by Sanofi Aventis
(Paris, France).
Culture media
Growth medium was DM supplemented with insulin (0.87mmol/l),
human apotransferrin (5mg/ml), epidermal growth factor (10ng/ml),
T3 (1nM), dexamethasone (50nM), penicillin (100U/ml), strepto-
mycin (130 mg/ml), and 2% fetal calf serum.
Filter cup medium was DM supplemented with 3 nM dex-
amethasone.
Establishment of the mCCDc11 cell line
The generation of the mCCD cell line has been described
previously.12
Antibodies. The anti-AQP2, AQP3, AQP4, anti-a-Na,K-AT-
Pase subunit, and anti-pendrin antibodies were previously des-
cribed.42,43 The anti-AQP2, AQP3, AQP4, and anti-a-Na,K-ATPase
subunit antibodies were previously. The anti-AQP2 antibody was
tested by western blotting of lysates from mCCD cells grown on
plastic petri dishes (see Supplementary Figure S1 online). The
mCCD cells express AQP2 protein, a small pool compared with
that of the kidney. As shown previously for CCD cell lines,15,44
the amount of the mature form of AQP2 is predominant in kidney
(lane 3) in contrast to the cell line (lanes 1 and 2).
Electrophysiological studies
Confluent cells seeded and grown in growth medium on collagen-
coated Transwells for 5 days, were then grown for another 5 days in
filter cup medium and then overnight in DM before measuring
sodium transport response to steroid hormones. Short-circuit
current (Isc in mA/cm
2) was measured by clamping transepithelial
potential difference (PD in mV) to 0 for 10 s, and transepithelial
electrical resistance (Ohmcm2) was recorded under sterile condi-
tion, using a home-made voltage clamp apparatus. All experiments
were performed in the open circuit mode to be as close as possible to
the in vivo situation. The method allows to measure sodium
transport at any given time and then the reasonable assumption is
made that Isc would have varied linearly between measurements.
Each batch of rat tail collagen was screened for its ability to
confer high transepithelial electrical resistance (44000Ohmcm2)
and hormone responsiveness.
Kinetic parameters (K12: half-activation constant, and maximal
Isc (Iscmax)) were calculated using the nonlinear fit routine of the
Kaleidagraph program (Synergy Software, Reading, PA). Integration
of Isc over a 24-h period was performed according to Roy Hagerty
Excel spreadsheet (http://people.oregonstate.edu/~haggertr/487/
integrate.htm).
Water flow measurements
Water flow was determined by gravimetry. Cells were grown like for
the electrophysiological study. Just before t0, fresh media was put on
the filters (apical and basolateral), using Gilson (Mettmenstetten,
Switzerland) pipettes and then stimulated. At t24 h, the apical and
basolateral media were collected in sealable 5ml tubes and weighed.
Net ion fluxes measurements
Electrolytes were measured from the samples collected for
gravimetry experiment. Naþ and Kþ were measured using a flame
photometer IL 943 from Instrumentation Laboratory (Zu¨rich,
Switzerland) and Cl– was measured with a Corning Chloride
Analyzer 925. The net flux of positive charge carried by sodium from
apical to basolateral milieu was computed as JNetþ apbl¼ JNa apb
–JK blap–JCl apbl.
Immunofluorescence
Cells grown on permeable support were prepared and processed for
immunofluorescence, as previously described.12 Briefly, paraformal-
dehyde-fixed cells (3% paraformaldehyde in phosphate-buffered
saline) were sectioned in a cryostat perpendicular to the underlying
filter membrane and then pretreated for 10min at room
temperature with 0.5% sodium dodecyl sulfate for antigen
retrieval.45 Subsequently, sections were incubated overnight at 4 1C
with the following primary antibodies: rabbit-anti-mouse AQP2
(diluted 1:20,000), rabbit-anti-rat AQP3 (diluted 1:1000), or guinea-
pig-anti rat AQP4 (diluted 1:1000). The AQP2, AQP3, and AQP4
antibodies were previously described.21,46 The binding sites of
the primary antibodies were revealed with Cy3-coupled goat-anti-
rabbit and goat-anti-guinea pig IgG, respectively. Both secondary
antibodies were from Jackson ImmunoResearch Laboratories
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(West Grove, PA). For control of unspecific binding of primary or
secondary antibodies, incubations with nonimmune sera or without
any primary antibodies were performed. All control experiments
were negative. Cryosections were studied by epifluorescence using
a Leica microscope (Wetzlar, Germany). Images were acquired
with a charge-coupled device camera and processed electronically
using Adobe Photoshop, Dublin, Ireland and Microsoft Power-
point software (http://www.microsoft.com/fr/ch/default.aspx). Ad-
justments for brightness and contrast were made similar for all
images.
Immunoblotting
For immunoblotting, mCCD cells were grown on permeable filter
supports (Corning). Cells were lysed in RIPA lysis buffer
supplemented with protease and phosphatase inhibitor cocktails
(Roche, Basel, Switzerland). Mouse kidney sample was homogenized
in lysis buffer containing protease and phosphatase inhibitor
cocktails (Roche). Proteins were separated in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and blotted on nitrocel-
lulose membrane (Whatman Protran; Millipore). Unspecific anti-
body binding was blocked by incubating the membrane in LI-COR
(Fehraltorf, Switzerland) blocking buffer. Anti-AQP2 (1:20,000),
anti-pendrin (1:10,000), and anti-b-actin (Sigma-Aldrich, Buchs,
Switzerland; 1:10,000) antibodies were applied overnight at 4 1C in
blocking buffer followed by incubation with the IRDye-secondary
antibodies (LI-COR; 1:20,000). Signals were visualized using LI-
COR infrared scanning system.
Scanning electron microscopy
The mCCD cells were grown on permeable support, fixed with 2%
paraformaldehyde and 2% glutaraldehyde in Na-cacodylate buffer
(0.1M), and postfixed with 1% OsO4. After dehydration in a graded
series of ethanol and application of amyl acetate, cells were
submitted to critical point drying. Samples were then mounted on
aluminum stubs, sputter coated with gold, and viewed in a Zeiss
(Feldbach, Switzerland) Gemini DSM 982 scanning electron
microscope.
Statistical analysis
Results are given as meanþ s.e.m. for n experiments. Each
independent experiment was performed in triplicate. The reprodu-
cibility between experiments over a 5-year period was very high.
Statistical differences between groups were calculated using t-test
and analysis of variance.
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